ABSTRACT: Isobaric vapor−liquid equilibrium (VLE) data for the binary mixture of glycerol ethyl acetal (GEA) and acetonitrile were measured at 60.0 kPa and 97.8 kPa, using a dynamic recirculating still. The VLE data were correlated using the nonrandom two-liquid (NRTL) and universal quasichemical activity coefficient (UNIQUAC) models, and the interaction parameters of this mixture were estimated. The experimental procedure was checked by measuring VLE data at 97.8 kPa of the wellknown system acetone/methanol showing high conformity, as given by applying a set of VLE consistency tests. The vapor pressure of GEA was measured, for the first time, in the temperature range from 371.85 K to 456.85 K, and it is described by the following expression: ln P GEA sat (Pa) = 24.17 − 5781/T(K). The information collected is of utmost importance for the purification of GEA synthesized using simulated moving bed reactor technology.
INTRODUCTION
In the last years, glycerol valorization has been the focus of much research, due its low cost and high availability. It is estimated that about 10 wt % of glycerol is obtained as a byproduct in the biodiesel production, and therefore, the transformation of glycerol into high added-value products has been studied in order to increase the economic viability of the biodiesel synthesis process. 1−4 Among glycerol derivatives, glycerol acetals have been considered as promising chemicals, especially to be used as green oxygenates for diesel blending because of their ability to reduce particle emissions of exhaust gases without having a negative impact on the engine performance and to allow the control of the fuel properties. 5−7 For example, García et al. 7 reported the benefits of glycerol acetal properties in biodiesel combustion process by improving the viscosity in order to achieve the flash point and oxidation stability required. Other applications, for these type of compounds, are as flavoring agents 8, 9 and surfactants antifreezing additives. 10 Particularly, glycerol ethyl acetal (GEA) already proved its benefits when blended to fuel as octane number enhancer 11 and on the reduction of the particulate matter emissions. 12 GEA can be obtained from the acetalization of glycerol with acetaldehyde, catalyzed in acid medium, having water as a byproduct: 
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As written in eq 1, GEA has the general formula C 5 H 10 O 3 , and it is composed by an isomeric mixture of 5-and 6-membered rings: cis(trans)-5-hydroxy-2-methyl-1,3-dioxane and cis(trans)-4-hydroxymethyl-2-methyl-1,3-dioxolane (see Figure 1 ). The acetals synthesis involves thermodynamic equilibrium limited reactions, and the conventional process for their production makes use of a reactor followed by several separation steps (mostly distillation) to recover and recycle the unconverted reactants and to remove water in order to obtain acetals with the desired purity. 13 However, this process represents high energy consumption and high capital costs (investment in several reaction/separation units). Therefore, the most feasible engineering solution for their production is the use of hybrid technologies, where reaction and separation occur, simultaneously, into the same piece of equipment, as the simulated moving bed reactor (SMBR). This technology combines the continuous countercurrent chromatographic separation with chemical reaction, since it is possible to achieve complete reactant conversion and product separation.
The SMBR was already successfully applied for the production of the following acetals: 1,1-diethoxyethane, 14, 15 1,1-dimethoxyetane, 16 and 1,1-dibutoxyethane, 17 and is under development (within our research group) for the GEA synthesis.
In the SMBR, two outlet streams are obtained: the extract stream comprising the most adsorbed product and the raffinate stream comprising the less adsorbed one, both diluted in the desorbent (required in order to regenerate the adsorbent). Usually, in the acetalization SMBR processes, the alcohol is used as a desorbent; however, in the GEA synthesis this will not be possible due to the high glycerol viscosity (1.499 Pa·s at 25°C 18 ). Acetonitrile was pointed out as one of the most suitable solvents, based on miscibility, reactivity, and adsorption tests, to be applied on the GEA production by SMBR using a commercial resin, Amberlyst-15 wet, as a catalyst and selective adsorbent toward water. 19 As a consequence, in this case, the outlet streams of the SMBR will be: (i) the extract stream comprising water/acetonitrile and (ii) the raffinate stream comprising the desired product (GEA) and acetonitrile.
To design, evaluate, and optimize an efficient separation unity to treat the raffinate stream to get pure GEA, it is important to know the thermodynamic properties of the pure compounds as well as of the binary system (GEA/acetonitrile). For this purpose, in this work, the isobaric vapor−liquid equilibrium (VLE) data were measured for the binary GEA/ acetonitrile at two different pressures in a VLE apparatus (VLE 100D) manufactured by Fischer (Germany). The interaction parameters of this mixture were estimated by correlating the VLE experimental data with the nonrandom two-liquid (NRTL) and universal quasichemical activity coefficient (UNIQUAC) thermodynamic models. The equipment was tested and the procedure validated measuring the VLE of acetone/methanol system at 97.8 kPa and the vapor pressures of the pure components. 2.2. GEA Production and Purification. To produce GEA, the reaction between acetaldehyde and glycerol, in a molar ratio of 2:1, was carried out in the presence of Amberlyst 15-wet resin (1 wt.%) from Rohm and Haas, on a glass-jacketed 1 L closed vessel, at atmospheric pressure and at 20°C. After reaching the chemical equilibrium, the resin (heterogeneous catalyst) was separated by filtration, and the quaternary mixture comprising glycerol, acetaldehyde, GEA, and water was subjected to: (i) distillation at atmospheric pressure to remove acetaldehyde and (ii) vacuum distillation (20 mbar) to separate water and GEA from glycerol. The water/GEA mixture was once again subjected to vacuum distillation, at 20 mbar, in order to obtain high-purity GEA (0.998 mass fraction according to the analytical method developed on gas chromatography with uncertainty of ± 0.0001) with the following molar basis composition: 68.0 % trans-5-hydroxy-2-methyl-1,3-dioxane, 25.3 % trans-4-hydroxymethyl-2-methyl-1,3-dioxolane, 6.2 % cis-4-hydroxymethyl-2methyl-1,3-dioxolane, and 0.5 % cis-5-hydroxy-2-methyl-1,3-dioxane.
2.3. Apparatus and Experimental Procedure. In this study the VLE experiments were performed by using an allglass dynamic recirculating still, apparatus model VLE 100D, which is manufactured by Fischer Company (Germany). A schematic representation is shown in Figure 2 . This device is equipped with a Cottrell circulation pump, two temperature sensors Pt-100 class A with accuracy of ± 0.15 K, a vacuum pump, and an electrovalve activated by an on−off controller in order to minimize the pressure deviations from the setting. The pressure is measured by a vacuum (0 mbar to 1000 mbar abs. range) or a pressure (0 mbar to 4000 mbar rel. range) sensor, both presenting an accuracy of 0.35 % FSO and an uncertainty of ± 0.2 kPa.
Initially, the sensor accuracy was analyzed by measuring the vapor pressure at different temperatures of some well-known compounds. Deviations were found between the experimental vapor pressure and that calculated using the DIPPR chemical database, 20 more evidently at vacuum conditions. So, a calibration was performed to both pressure sensors using pure water (in the pressure range from 24.4 kPa to 209.6 kPa). This calibration was then validated through the measurement of the vapor pressure of acetone and methanol. After, isobaric VLE data were also measured for the well-known binary mixture containing both compounds. For each experiment, the pressure was fixed, and a suitable power of flow heater was defined to avoid a sudden and sharp boiling of the homogeneous mixture, at constant stirring. After reaching around 60 drops of both liquid and condensed vapor, the system was kept at the boiling point for about 45 min before the first sampling. It was considered that the equilibrium was attained when the composition of two consecutive samples (taken every 5 min), from both vapor and liquid phases, present a deviation in their molar composition less than 0.1 %. The collection of vapor and liquid samples can be performed in two ways: one by using the glass receivers (9, 10) just raising the solenoid coils (11, 12) or using two gas syringes. The use of syringes is preferable, mainly for the vapor side, because it allows collecting directly the condensed drops formed, avoiding condensate losses through the walls. The new experimental data for the system GEA/acetonitrile were after being collected at two different pressures.
2.4. Analytical Method. All samples collected were analyzed in a Shimadzu-GC 2010 Plus gas chromatograph equipped with flame ionization and thermal conductivity detectors. The compounds were separated using a silica capillary column (CPWax52CB, 25 m × 0.25 mm ID, film thickness of 1.2 μm). Helium N50 was used as the carrier gas at a flow rate of 10.1 mL·min
. The temperature of the injector and of the both detectors was set to 573.15 K. The initial column temperature was 333.15 K for 3.0 min, and the temperature was then increased at 30 K·min −1 up to 513.15 K remaining constant for the following 7 min. In this way, the associated uncertainty of the measured molar fractions was ± 0.01 (except for binary acetone and methanol, which was ± 0.001).
RESULTS AND DISCUSSION
3.1. Pure Components. The equipment was initially tested to measure the vapor pressures of the pure compounds acetone, methanol, and acetonitrile. The experimental values are presented in Table 1 , and a comparison with those calculated from the DIPPR database is given in Figure 3 . In this plot the percentage relative deviation is shown for each experimental 
where T is the absolute temperature. Table 2 presents the coefficients found in the DIPPR database 20 and the average relative deviations as well. The average relative deviation is about 0.7 %, which is within the values usually found, 21 showing very good agreement between the experimental and calculated values. Regarding GEA, the experimental values are also presented in Table 1 . For GEA a comparison to the values calculated by DIPPR is not possible. In fact, these are the first systematic measurements for the vapor pressures of GEA we are aware of. Equation 3 was fitted to the GEA vapor pressure experimental results leading to the following expression (valid in the temperature range 371.8 K to 456.9 K):
3.2. Binary Systems. VLE data for the acetone/methanol binary were first measured at 97.8 kPa to evaluate the performance of the equipment. The experimental data are reported in Table 3 , where x i is the mole fraction of component i in the liquid phase, y i is the mole fraction of component i in the vapor phase, and γ i is the activity coefficient of component i calculated in accordance to eq 4:
where Φ i is the fugacity coefficient ratio of component i and P is the total system pressure. The quality of the experimental data was analyzed in two ways. First, using the database available in the software AspenTech-AspenONE version 7.1, the VLE diagram was calculated at 97.8 kPa using either the NRTL or UNIQUAC model. As can be seen in Figure 4 a very good agreement was found, presenting average absolute deviations of δy = 0.004 and δT = 0.08 K for the vapor phase composition and temperature, respectively. Second, following the strategy suggested by Kang et al., 22 thermodynamic consistency tests were implemented: Herington test (test 1), Van Ness test (test 2), infinite dilution test (test 3), and pure component consistency test. The point test was not used because it is not applicable to isobaric data sets. Following their approach, 22 the overall quality factor (Q) for a VLE data set of acetone/methanol system was about 0.99, where Q VLE = [F pure (F test1 + F test2 + F test3 )]/0.75, showing that the data are of very good quality. Finally, it is important to mention that, when using eq 4 to acetone/methanol system, the fugacity coefficients were obtained in accordance to the Tsonopoulos correlation, 23 calculating the second virial coefficient of pure substances using information available in the DIPPR database. 20 Afterward, VLE data of the system GEA and acetonitrile at two different pressures were measured. Tables 4 and 5 present the experimental data collected as well as the experimental activity coefficients for both components. The system presents positive deviations to the ideal solution behavior, suggesting that intermolecular forces between different species are less important that those in the pure liquids. For concentrated acetonitrile solutions self-association of GEA is favored since Figure 4 . VLE for the acetone (1) and methanol (2) system at 97.8 kPa.
GEA activity coefficients are considerably lower than 1, which is also in accordance to the opposite trend for the acetonitrile activity coefficients.
Due to the lack of reliable values for the critical properties of GEA, in this system the fugacity coefficients had to be considered equal to 1, inhibiting the application of VLE consistency tests. Alternatively, data were correlated with NRTL and UNIQUAC models. The interaction parameters were estimated by minimizing the following objective function:
where T exp is the experimental equilibrium temperature, T mod is the temperature calculated by the model, and N is the number of experimental data points. The area and volume parameters used in UNIQUAC model were found in Poling et al. 24 for acetonitrile, while for GEA were calculated by the group parameters published in the UNIFAC method (r = 4.6315, q = 4.0640).
The parameters for both models are given in Table 6 , as well as the deviations in temperature and vapor phase composition. Similarly to the Van Ness test, 22 which is regarded as a modeling capability test, the deviations presented in Table 6 allow the calculation of a quality factor (F), which indicates good consistency, as F = 0.19 for a maximum of 0.25. The temperature−composition diagrams (Txy) for the GEA (1) and acetonitrile (2) system are presented in Figures 5a (60.0 kPa) and 6a (98.7 kPa), while the y−x diagrams are presented in Figures 5b and 6b , respectively.
Since the isomeric mixture was considered as a single compound and, consequently, the mixture taken as a pseudo binary, the interaction of isomers was not taken into account. This fact can contribute to the relative larger deviations when the GEA mole fraction is higher. Moreover, isomerization equilibria might change with temperature, which introduces a big challenge to model the behavior of this system, and new developments are needed to describe more correctly the physical and chemical equilibrium between isomers of GEA and other components. However, the modeling shows reasonable results considering also the large difference of the vapor pressures between the two compounds. This big difference leads to considerable difficulties in the experimental procedure, reducing the precision of the composition measurement (see section 2.4). The calculated activity coefficients for the GEA/ acetonitrile system shown in Tables 4 and 5 
CONCLUSIONS
The main objectives of this work were the measurement of the isobaric VLE data for the binary system of GEA and acetonitrile at 60.0 kPa and 97.8 kPa, as well as the determination of GEA vapor pressure, leading to the following conclusions:
(i) The VLE data of the studied binary shows no azeotropic point. (ii) The vapor pressure of GEA, in the temperature range 371.85 K to 456.85 K, is given by: ln P GEA sat (Pa) = 24.17 − 5781/T. (iii) The studied mixture behavior was reasonably described by both of NRTL and UNIQUAC thermodynamic models, taking into account that GEA is composed by four isomers and the high difference between the boiling temperatures of the both compounds involved. However, more realistic models must be developed considering the 
